Introduction
Lignocellulose is an abundant and renewable raw material, which is expected to replace fossil resources as feedstock for production of several types of chemical products on the pathway towards a future bio-based society [1] . However, in order for lignocellulose to become a suitable feedstock for biorefineries, it is necessary to develop efficient separation and conversion technologies that will ensure feasible utilization of the biomass [2] . For instance, enhancing the separation of monosaccharides (e.g. xylose and glucose) obtained after lignocellulose pretreatment could enable the production of specific building block chemicals for various industrial applications. Recently, we demonstrated that the separation of xylose and glucose could be significantly improved via enzymeassisted nanofiltration (NF), in which glucose is first enzymatically converted to gluconic acid leading to efficient xylose purification due to electrostatic repulsion between gluconic acid (i.e. gluconate) and the surface of the NF270 membrane [3] . Gluconic acid, which is an important compound used in e.g. the food industry [4] , can be obtained from glucose via enzymatic oxidation of glucose to gluconic acid, either by cofactor-dependent glucose dehydrogenase catalysis or via oxygen-dependent glucose oxidase catalysis [5] . Based on our studies conducted on pure model solutions of xylose and glucose, also involving enzyme immobilization in membrane bioreactors [6] , it was concluded that the highest yields, purities and throughputs of xylose and gluconic acid could be obtained using free glucose oxidase in the membrane bioreactor [7] . However, when enzyme-assisted membrane separation is performed on genuine biorefinery liquors, additional challenges related to e.g. enzyme inhibition [8] and fouling formation [9] may reduce the performance of the membrane bioreactor. Moreover, the presence of various carbohydrates, proteins, phenolics, acids, salts and furans in the biomass liquors could further complicate the downstream separation by NF as opposed to the simpler model solutions, for which efficient purification of monosaccharides has been rather easily accomplished [10] [11] [12] [13] . First of all, identifying proper membranes and process conditions that favor the slight differences in solute properties (e.g. size and charge) leading to separation may be difficult. Secondly, in a polyelectrolyte system such as the biomass liquors employed in this study, a combination of charge interactions are likely, leading to e.g. a Donnan effect, which may further be influenced by the pH and solute concentration [14] . Moreover, the membrane surface charge (i.e. zeta potential) can also be affected by the ionic strength of the solution [15] , which in turn may impact the electrostatic repulsion and influence the overall separation performance. Thus, the present work was undertaken to assess the applicability of the glucose oxidase assisted membrane separation (in practice a glucose oxidase/catalase system) on genuine biomass liquors obtained directly after hydrothermal pretreatment of wheat straw (WS), corn stover (CS) and Miscanthus stalks (MS), and to further investigate the possible impact of solute interactions on the downstream purification as a function of pH and solute concentration.
Materials and Methods

Equipment, chemicals and membranes
Enzymatic reactions and filtrations were conducted in a magnetically stirred dead-end cell (Amicon 8050, Millipore, USA). Dead-end filtration was selected as filtration mode, as it provides the most comprehensive insight of the effects of fouling during filtration. The biomass liquors were obtained after hydrothermal pretreatment (190°C, 10 min) and pressing (leading to solid-liquid fractionation) of WS, CS and MS as described in [16] . Compositions of the biomass liquors are shown in Table 1 .
Hydrogen peroxide solution (30 wt. % in H 2 O), glucose oxidase ("GOD", EC 1.1.3.4, 160 kDa, 128 U/mg solid) from Aspergillus niger and catalase ("CAT", EC 1.11.1.6, 250 kDa, 7741 U/mg protein) from Aspergillus niger were purchased from Sigma-Aldrich (Steinheim, Germany).
Analytical standards, D(+)-Glucose (≥99.5%), D-xylose (≥99%), L-(+)-arabinose (≥99%), sodium formate (>99%), sodium acetate trihydrate (>99%), D-gluconic acid sodium salt (≥99 %), furfural (99%), hydroxymethyl furfural (HMF) (≥99%), vanillic acid, vanillin (99%), ferulic acid (99%), 4-hydroxybenzoic acid (99%), 4-hydroxybenzaldehyde (98%), p-coumaric acid (≥98%), syringic acid (≥98%), syringaldehyde (99%), and sinapic acid (≥99%) were also purchased from Sigma-Aldrich. Dow-Filmtec NF270 membranes were purchased from Sterlitech (Kent, USA), while ultrafiltration (UF) PLGC membranes were purchased from Merck Millipore (Darmstadt, Germany). The main properties of the membranes are shown in Table 2 Table 2 . Main properties of ultrafiltration (PLGC) and nanofiltration (NF270) membranes used in this work.
Water permeability tests
Virgin NF270 membranes were soaked in 50 % ethanol solution for 15 min -according to the manufacturers' guidelines -followed by filtration with deionized water at 4 bar for 20 min. Virgin UF membranes (PLGC) were soaked in ethanol (50 %) for 5 minutes and subsequently washed with sodium hydroxide (pH 10) for 1 hour and water for 20 min. The water permeability (WP) of the membranes was then measured at 4, 3, 2 and 1 bar at room temperature. After filtration of the biomass solutions, the WP test was repeated in order to determine the WP loss. After the WP test, PLGC membranes were immersed in 10 % ethanol solution and stored at 5 °C. If the virgin permeabilities were regained after storage in 10 % ethanol solution at 5 °C, the PLGC membranes were reused in more experiments.
Post treatment of biomass liquors
In order to optimize the flux and biocatalytic performance of the membrane bioreactor, the biomass pretreatment liquors were subjected to different post treatments. First, the biomass pretreatment liquor was subjected to centrifugation (Heraeus Multifuge 4 KR Centrifuge, Thermo Scientific, Waltham, MA, USA). Secondly, the biomass pretreatment liquor was subjected to acid hydrolysis in order to decompose the soluble poly-and oligosaccharides and in turn increase the yield of monosaccharides. Acid hydrolysis was accomplished by adding 9 mL H 2 SO 4 (97 w/w%) to 400 mL biomass pretreatment liquor, which was subsequently autoclaved at 121°C for 10 min. After acid hydrolysis, CaCO 3 (16-18 g pr. 400 mL liquor) was added to the liquor (pH<1) in order to precipitate CaSO 4 and thereby increase the pH to 5.5. The liquors were subjected to centrifugation in order to remove the precipitated calcium salt. Some of the acid post-treated samples were additionally spiked with xylose and glucose in order to obtain the same monosaccharide concentration as in the model solution, i.e. 135 mM xylose and 15 mM glucose (Table 1) , studied in [3] and [6] . A molar ratio xylose:glucose 9:1 was found to be the optimal for the subsequent separation of xylose from gluconic acid, for which a separation factor of 34 was reported [3] .
Biocatalytic reaction and filtration using pretreated and post-treated WS liquors
19.5 mL pretreated and post-treated WS liquor, respectively, was transferred to the dead-end cell equipped with the PLGC membrane and a stir bar. 300 U GOD (~500 μl) and 900 U CAT (~4 μl)
were then added, and hydrogen peroxide solution (~68 μl) was added to a total concentration of 30 mM. Biocatalytic reactions were conducted for 40 min at 35 °C, pH 5.5 and 100 rpm [3] . After the reaction, each solution was subjected to UF at 4 bar until 20 mL permeate was achieved and the reactor completely emptied (except for the enzymes which were still retained). The agitation speed during filtration was 100 and 250 rpm, respectively, for WS pretreatment liquors and 250 rpm for post-treated WS liquors. Retentate and permeate samples were collected for quantitative analysis.
Consecutive cycles in the membrane bioreactor using acid post-treated WS, CS and MS liquors
After optimizing the flux and biocatalytic performance using the WS liquors, five consecutive reaction-separation cycles were performed with spiked acid hydrolyzed liquors from WS and CS, respectively. For the MS liquors, the glucose concentration was already higher (>15 mM) than that in the model solution (Table 1) 
Downstream separation by NF
In order to evaluate the performance of the downstream separation, the permeate samples (WS, CS and MS) obtained from the consecutive cycles in the membrane bioreactor were subjected to lowpressure NF with the NF270 membrane. Electrostatic repulsion and the Donnan effect were the mechanisms mostly discussed with respect to the separation of the charged solutes (i.e. gluconic acid, formic acid and acetic acid) in the NF step (cf. section 3.3). For clarification, electrostatic repulsion is here regarded as interactions between solutes and the membrane surface, which is governed by the membrane zeta potential, while Donnan effect is regarded as solute interactions caused by lack of ion equilibrium across the membrane, which in turn is governed by the difference in ion permeability. It is anticipated that the co-existence of and competition between electrostatic repulsion and the Donnan effect govern the overall separation of charged solutes by NF.
NF of WS, CS and MS
Formation of gluconic acid in the membrane bioreactor caused the solution pH to drop from 5.5 to 4.8. Prior to the NF step, pH of the permeate samples was readjusted to 7.4 and 9.5, respectively, by adding sodium hydroxide. The liquors were then subjected to NF with the NF270 membrane at 4 bar and room temperature. For samples at pH 7.4 and 9.5, the filtration was conducted until a volume reduction factor of 2 was achieved. For samples at pH 4.8, the flux was so low that the filtration was only conducted until a volume reduction factor of 1.25. In all cases, agitation was set to 250 rpm, and the flux was recorded. Permeate and retentate samples were collected for quantitative analysis.
NF of WS, CS and MS spiked with acetic acid
In order to further investigate the separation mechanisms governing NF, the permeate samples (WS, CS and MS at pH 4.8) obtained from the consecutive cycles in the membrane bioreactor were spiked with acetic acid to a total concentration of 100 mM acetic acid. In order to modify pH and study the effect of adding additional charged species on Donnan's effect, acetic acid was selected, as it was already present in the liquor. The addition of acetic acid caused the solution pH of the biomass liquors to drop to 4.1. The spiked liquors were subjected to NF according to the procedure described in section 2.5.1. Three additional experiments were performed with the permeate samples (WS, CS and MS at pH 4.8) from the membrane bioreactor. First, pH of the CS liquor was adjusted to pH 9.5 with 10 M NaOH and then acetic acid was added to a total concentration of 100 mM resulting in a solution pH of 4.6. The same procedure was applied to the WS and MS liquors; however the pH of these solutions was further readjusted to pH 9.7 and pH 8.9 for WS and MS, respectively. The spiked liquors were subjected to NF according to the procedure described in section 2.5.1.
Analytical methods
Determination of monosaccharides, aliphatic acids and furans
The concentration of monosaccharides (glucose, xylose and arabinose) and aliphatic acids (gluconic acid, formic acid and acetic acid) was quantified by HPLC (Shimadzu, Japan) according to the method described in [7] for the determination of lactic acid and pyruvate. Furans (furfural and HMF) were analyzed using a prominence diode array (PDA) detector. Only when glucose was present in the samples, the gluconic acid and glucose concentrations were quantified by HPAEC-PAD as described previously in [3] .
Determination of phenolic compounds
Hydroxycinnamic acids (ferulic acid, p-coumaric acid, and sinapic acid), phenolic aldehydes (vanillin, 4-hydroxybenzaldehyde, and syringaldehyde), and phenolic acids (vanillic acid, 4-hydroxybenzoic acid, and syringic acid) were quantified by reversed-phase high performance liquid chromatography (RP-HPLC) with DAD detection according to the method described in [17] .
Determination of crude protein
The concentration of total nitrogen in the biomass liquors was determined using the Laton total nitrogen cuvette test (Hack Lange, Germany). Crude protein concentration was then calculated from the total nitrogen content by means of a default (Kjeldahl) conversion factor of 6.25 assuming 0.16 gram nitrogen per gram of protein [18, 19] .
Detection of oligosaccharides
Oligosaccharides were detected by size exclusion chromatography according to the method described in [20] .
Determination of salts
Inductively coupled plasma mass spectrometry (ICP-MS) was used for determining the concentration of chemical elements (aluminium, calcium, copper, iron, potassium, magnesium, manganese, sodium, nickel, phosphor, sulfur, zinc) in the WS pretreatment liquor. ICP-MS was performed by Novozymes A/S (Bagsvaerd, Denmark).
Statistical analysis
One-way ANOVA for determination of statistical significance was performed in RStudio (RStudio, Inc., Boston, MA, USA) using Tukey's test. Statistical significance was evaluated at the p < 0.05 level.
Calculated parameters
The membrane water permeability (L p ) was calculated using eq. (1): where J w denotes the water flux and TMP the transmembrane pressure. The loss of membrane permeability was obtained from a comparison between the water permeability before filtration (L p,i )
and after filtration and 20-min water wash (L p,f ):
The observed solute retention (R obs ) was calculated according to eq. (3), in which c p is the permeate concentration and c f the feed concentration:
The biocatalytic productivity was calculated using eq. (4), in which m is mass:
The normalized flux of cycle i compared to cycle 1 was calculated using eq. (5):
The separation factor of gluconic acid over xylose was calculated by means of eq. (6), in which R obs,Xyl and R obs,GA are the observed retentions of xylose (Xyl) and gluconic acid (GA), respectively.
The xylose purity after NF was calculated by inserting the permeate concentration of xylose, gluconic acid, arabinose (Ara), formic acid (FA), acetic acid (Ac) and furfural (Fur) in eq. (7):
When eq. (7) was used to calculate the xylose purity solely with respect to gluconic acid, c p,ara , c p,FA , c p,Ac and c p,Fur were removed from the denominator.
The yield of xylose in the permeate was calculated by inserting the feed and permeate concentrations, respectively, of xylose in eq. (8):
(2)
Assuming that the monosaccharides and degradation products (i.e. furans and formic acid) present in the hydrolyzed WS liquor originate from the oligosaccharides present in the WS pretreatment liquor, the concentration of oligosaccharides (gL -1 ) in the WS pretreatment liquor was estimated using eq. (9), in which FA is formic acid, and subscript letters before and after refer to the concentration of monosaccharides, furans and formic acid (gL -1 ), respectively, before and after hydrolysis of the WS pretreatment liquor:
3. Results and discussion
Optimization of flux and biocatalytic productivity
The performance of the membrane bioreactor was first evaluated using the crude WS pretreatment
liquor. In the model system (pure solutions of xylose and glucose), the filtration time required to empty the UF reactor (20 mL, 2 bar, 100 rpm) was 10 min, which with the WS pretreatment liquor increased to 140 min (Table 3 ). Furthermore, it was observed that the filtration of the WS pretreatment liquor produced a gel-like layer on the membrane surface. Since proteins and oligosaccharides are known to cause severe concentration polarization ultimately leading to gelation and fouling in UF operations [21, 22] , it was speculated whether such gel formation was due to the presence of proteins/peptides (~100 mg/l crude protein measured in the WS pretreatment liquor)
and/or oligosaccharides (1 to 110 kDa (primarily 1 to 12 kDa) detected in the WS pretreatment liquor). Besides the proteins naturally present in the feedstock, glucose oxidase and catalase could in principle also have contributed to some gel formation in the membrane bioreactor, although formation of a gel layer was never observed with the model solution. Due to the higher shear rate induced at the membrane surface [23] , concentration polarization could be reduced by increasing the agitation to 250 rpm, which decreased the total filtration time (Table 3) . Although the higher agitation rate could not prevent the formation of a gel layer, visually it could be seen that a more evenly distributed gel was obtained at 250 rpm, whereas the gel obtained at 100 rpm was mainly located at the center of the membrane surface. The statistically insignificant difference between WP losses at 100 rpm and 250 rpm (Table 3) indicated that agitation did not have an effect on the irreversible fouling. In order to further enhance the permeate flux and thus decrease the total filtration time, the WS pretreatment liquor was exposed to different post treatments prior to the enzymatic reaction and filtration. First, subjecting the WS pretreatment liquor to centrifugation did not have a statistically signficant impact on the total filtration time. Although the WP loss remained the same with and without centrifugation, gel formation appeared most severe in the latter case, probably because the centrifugation step removed the insoluble material still present in the liquid phase after fractionation of the biomass, which could have contributed to some gel formation. Table 3 . Influence of various process parameters on the total filtration time, water permeability (WP) loss, biocatalytic productivity and glucose conversion (%). Different superscript letters indicate statistically significant differences (p<0.05) of averages obtained. The one-way ANOVA analysis was done separately for each of the variables presented in the different columns. Abbreviations used: cent.: Before the filtration, the feed solution was subjected to centrifugation; hydr./cent.: Before the filtration, the feed solution was subjected to acid hydrolysis followed by centrifugation; hydr./spiked/cent.: Before the filtration, the feed solution was subjected to acid hydrolysis and spiked with glucose and xylose followed by centrifugation.
Subjecting the WS pretreatment liquor to dilute acid hydrolysis followed by centrifugation did have significant impact on the permeate flux, and consequently the total filtration time decreased to 10 min (Table 3) . In this case, the permeability loss after filtration also decreased, and a gel layer was no longer observed. The absence of gel formation after the acid treatment was explained by the decomposition of longer oligosaccharides to shorter oligo-and monosaccharides, which was further verified by size exclusion HPLC, which showed that longer oligosaccharides (>1.3 kDa) were no longer detected in the WS solutions treated with acid. Since peptide bonds were not expected to be affected by the weak acid hydrolysis, it was concluded that mainly xylooligomers rather than proteins were responsible for the gel produced in the experiments without a post hydrolysis step.
Moreover, extensive formation of foam -which is typically associated with proteins and peptideswas observed in all the samples irrespective of post treatment, which could also sustain the hypothesis that the peptide bonds were still intact after acid hydrolysis. The disappearance of the gel layer after acid hydrolysis further suggested that glucose oxidase and catalase were not responsible for the gel formation, which was in good agreement with the observations previously made for the model solution. Finally, spiking the acid hydrolyzed WS liquor with glucose and xylose -in order to reach the same monosaccharide concentrations as in the model solution (i.e. 135 mM xylose and 15 mM glucose, respectively) -did not have an influence on the total filtration time nor the WP loss. Optimizing the process parameters with respect to the permeate flux further had a favorable impact on the biocatalytic productivity of the membrane bioreactor ( Table 3 ). The dilute acid hydrolysis step significantly increased the biocatalytic productivity from 0.56 to 14.4 mg gluconic acid/mg enzyme corresponding to an increase in glucose conversion from 73% to 95%, respectively. The higher biocatalytic productivity obtained for the spiked solutions (23 mg gluconic acid/mg enzyme) was solely due the higher initial glucose concentration (i.e. 15 mM) in the feed, as the total glucose conversion was still 95%. The lower membrane bioreactor performance obtained in the experiments without a dilute acid post hydrolysis step was ascribed to the gel layer formed on the membrane surface, which may have caused i) mass transfer limitations restricting the contact between substrates and enzymes and/or ii) adsorption/deposition of the enzymes and therefore loss of enzyme activity [24] .
Comparing membrane bioreactor performance for different biomass liquors
In order to compare the membrane bioreactor performance for the biomass liquor and the model solution, five consecutive reaction-filtration cycles were conducted using the optimal process conditions from the preliminary experiments (i.e. 250 rpm (hydr./spiked/cent)). Furthermore, hydrothermally pretreated, post-hydrolyzed CS and MS were also included in the study. Since the three biomass liquors were spiked with xylose and glucose to obtain the same initial feed concentration (Table 1) , the membrane bioreactor maintained a biocatalytic productivity of 23 mg gluconic acid/mg enzyme (data not shown) throughout five consecutive cycles irrespective of biomass feedstock. The biocatalytic performance of the real system was thus comparable with the performance of the model system, in which a biocatalytic productivity of 24 mg gluconic acid/mg enzyme was obtained in each consecutive cycle [6] . It could therefore be concluded that even for extended reaction times, the presence of certain other components in the biomass liquors, such as acids and furans, did not inhibit glucose oxidase and catalase. Additionally, the WP loss was only 1-2% irrespective of the biomass feedstock. These results suggest that the biocatalytic productivity of the membrane bioreactor may be further enhanced by simply increasing the number of cycles.
Moreover, the normalized flux for each consecutive cycle was compared for each of the three biomass liquors (Table 4) While the MS solution appeared rather clear, the WS and CS solutions were rather turbid. It was speculated whether such turbidity could be a consequence of significant phenol-protein interactions as previously reported for certain beverages [25, 26] . However, since the phenolic content was generally very low in all the biomass liquors (Table 1) , it seemed unlikely that phenol-protein interactions were the predominant cause of turbidity. Although a direct correlation between protein concentration, phenol concentration and permeate flux could not be found, turbidity was still concluded to be an important factor with respect to the change in permeate flux with each consecutive cycle. WS  CS  MS  1  100  100  100  2  63±1  55±3  73±8  3  65±0  53±2  80±2  4  60±0  48±1  84±12  5  50±6  51±0  92±2  Table 4 . Normalized flux (%) calculated as percentage of the flux of the first cycle. WS = wheat straw; CS = corn stover; MS = Miscanthus stalks.
Cycle
Downstream separation
In order to evaluate the performance of the downstream separation, the permeate streams leaving the membrane bioreactor were further subjected to low-pressure NF. Single-component model solutions based on a similar (WS) pretreatment liquor were previously evaluated in [27] . In the following discussion, the various interactions between solutes and between solutes and the membrane (Donnan effect and electrostatic repulsion in particular) in the multi-component solutions are assessed. Due to neglectable concentration of phenols in the biomass liquors (cf. Table   1 ), only sugars, furans and acids were considered in the evaluation of the separation performance.
Non-charged solutes
In the model solution [3] , xylose (150 Da, pK a =12.2 [28] ) was the only pentose sugar present in the feed for the NF. The xylose transport across the membrane was governed by size exclusion determined by the membrane cut-off (100-200 Da). In the biomass liquors, the pentose sugars were represented by xylose and arabinose (150 Da, pK a =12.3 [28] ), respectively. Due to the similar size and charge properties of the pentoses, the retentions of xylose and arabinose were generally comparable within each feedstock and pH value (Figure 1) . Furthermore, the retention of pentoses in the real solutions was in most cases comparable with the retention of xylose in the model solution (41-45% dependent on the pH). As could be expected from the pK a values of the sugars, no obvious pH dependence was observed with respect to the solute retention. The transport of HMF (126 Da, pK a = 12.8 [29] ) and furfural (96 Da) was most likely also governed by size exclusion, since both compounds should be non-charged at the investigated process conditions. The difference between WS and the other biomasses with respect to the furfural retention could be due to the higher concentration of furfural in the WS feed (more than twice as high in WS compared to CS and MS (Table 1) ), which may have increased the diffusion as a result of the more significant furfural concentration gradient across the membrane. In the case of CS and MS, it was speculated whether the increase in furfural retention with increasing pH was a consequence of pore blocking as a result of more prominent pore swelling at high pH [14] . However, since the WP loss was generally the same (~14%) at all pH values irrespective of the biomass type, the suggestion that pore blocking increased the furfural retention was rejected.
Charged solutes
In the model solution, gluconic acid (196 Da, pK a = 3.7 [4] ) was the only charged solute present in the feed for the NF. Electrostatic repulsion was concluded to be the predominant separation mechanism leading to 98% retention of gluconic acid at pH 9.5 [3] . Due to the high complexity of the pretreatment liquor, the influence of pH on the observed retention was investigated in order to evaluate the effect of the interaction between the different solutes ( Figure 1) . The results showed that the observed retention of gluconic acid was generally lower in the genuine liquors (irrespective of biomass type) as compared to the model solution, and also independent of pH even though the isoelectric point of the membrane (~5 [12] ) was within the investigated range of pH. These results suggest that not only electrostatic repulsion but rather a combination of several separation mechanisms were governing the transport of charged solutes in the real biomass liquors. When several electrolytes are present in a feed solution, electrical potential created across the membrane can lead to a significant Donnan effect and consequently alter the observed retention of the solute as compared to the single electrolyte system [30] . In the case of formic acid (46 Da, pK a = 3.75 [31] ) in the WS liquor, Donnan effect was concluded to be the predominant mechanism due to the negative retentions obtained. Even though formic acid was supposed to be deprotonated above pH However, when pH was increased, the acetic acid became increasingly deprotonated, which caused the formic acid retention in the WS liquor to decrease, whereas the acetic acid retention increased probably as a result of the stronger Donnan effect at high pH. Above pH 4.8, electrostatic repulsion may also have contributed to the increase in acetic acid retention observed for all biomasses ( Figure   1 ). However, if electrostatic repulsion was the predominant separation mechanism, it was anticipated that a higher retention would have been obtained at pH 9.5. Indeed, for a system only containing xylose and acetic acid, Weng et al. [11] were able to reach acetic acid retentions above 90 % at pH 9.1 using the Desal-5 DK membrane (MWCO: 150-300 Da). Similar results were obtained by Zhou et al. [10] for a system only containing xylose, glucose and acetic acid. Among the three acids detected in the biomass liquors, gluconic acid was assumed to be the least permeable, since it has higher molecular weight compared to formic acid and acetic acid, respectively. Since the Donnan effect was anticipated to be most prominent for the smaller ions, the degradation products [32] could also have affected the Donnan equilibrium. It was observed that the three biomass liquors became darker, when pH was increased, which indeed is a typical characteristic of sugar degradation and Maillard reactions [33] . It was also speculated whether such color change could result from interactions involving soluble low MW lignin residues [34] ;
however since low amounts of phenolic compounds were detected in the biomasses (Table 1) , phenolic interactions probably were not the predominant cause of the color change. The lacking pH effect on the gluconic acid retention above the isoelectric point of the membrane could support the hypothesis that a significant Donnan effect was imposed on gluconic acid by the presence of larger electrolytes. On the other hand, the pH effect may simply have been counteracted by the increasing ionic strength of the solution leading to a less negative zeta potential of the NF membrane [15, 35, 36] . In that case, electrostatic repulsion would still have been the predominant separation mechanism leading to a lower retention of gluconic acid. While the gluconic acid retention was the same for each of the three biomasses, variations were observed with respect to the formic acid and acetic acid retentions, which may again have been explained by the nature of the feed solutions. If different components at different concentrations were present in the biomass liquors, the competition between electrostatic repulsion and the Donnan effect would also have been different for each of the feedstocks. For instance, electrostatic repulsion seemed more important in CS, since relatively higher formic and acetic acid retentions were obtained in CS as compared to the other two biomasses. On the other hand, the influence of the Donnan effect was generally more prominent in the WS and MS liquors.
Addition of acetic acid
In order to investigate whether the reduction in gluconic acid retention observed for the biomass liquors could be explained by the Donnan effect (caused by the presence of larger electrolytes) or weakened electrostatic repulsion (caused by the higher ionic strength), the permeate samples from the membrane bioreactor were spiked with acetic acid and further subjected to nanofiltration. Since pH alone was not concluded to have significant impact on the solute retention (cf. Figure 1) , it was anticipated that the influence of ionic strength could be adequately studied through addition of acetic acid despite the simultaneous change in pH. If the decrease was due to a Donnan effect, the addition of acetic acid was expected to increase the gluconic acid retention, whereas if the decrease was due to a higher ionic strength, the addition of acetic acid was expected to decrease the gluconic acid retention. However, the addition of acetic acid -which caused the solution pH to drop from 4.8 to 4.1 -did not influence the retention of either charged or non-charged solutes (Figure 2a ) as compared to the original feed solutions at pH 4.8 ( Figure 1 ). According to the equilibrium law, the percent dissociation of formic acid, acetic acid, and gluconic acid at pH 4.1 is 69%, 18% and 72%, respectively. In comparison, the percent dissociation of formic acid, acetic acid and gluconic acid at pH 4.8 is 92%, 53% and 93%, respectively. However, as the feed concentration of acetic acid in the experiments at pH 4.1 was around four times higher than at pH 4.8, the concentration of dissociated acid was practically the same at the two different pH values. Consequently, the Donnan equilibrium and the ionic strength were not significantly affected by the addition of acetic acid to the feed solutions, and so the retention of acids (particularly gluconic acid) was not significantly different from pH 4.1 to 4.8. In order to increase the concentration of dissociated acid in solution, the pH of the samples from the membrane bioreactor were first adjusted to pH 9.5 before adding acetic acid to a concentration of 100 mM. Since the addition of acetic acid again reduced the pH to 4.6, the pH was further readjusted with sodium hydroxide to 8.9 for MS (corresponding to a total concentration of 113 mM NaOH) and to 9.7 for WS (corresponding to a total concentration of 122 mM NaOH).
The pH adjustment with sodium hydroxide now significantly altered the retention of charged as well as non-charged solutes (Figure 2b ). Since the retention of gluconic acid was found to decrease with the increasing ionic strength (i.e. pH), the hypothesis that the retention was governed by electrostatic repulsion rather than the Donnan effect was confirmed. Moreover, the increase in ionic strength at high pH also caused the retentions of the non-charged solutes (i.e. xylose, arabinose and furfural) to decrease. The decrease in non-charged solute retention may have been explained by the increasing adsorption of counter-ions inside the membrane pores. The increase in counter-ion concentration could have enhanced the electrostatic repulsion within the pores, which in turn may have increased the effective pore size thus resulting in a lower retention of non-charged solutes [37] . Even if the Donnan equilibrium was affected by the high concentration of sodium hydroxide in the system, the addition of sodium hydroxide still was not able to increase the retentions of the most permeable acids. The retentions of formic acid and acetic acid may thus also have been suppressed by the less negative zeta potential of the nanofiltration membrane; especially when taking into account that the molecular weights of the acids were considerably lower than the membrane cut-off. However, the negative retentions (particularly observed for formic acid) still indicated that Donnan effect was important too.
Overall comparison of the model solution and biomass liquors
A general evaluation of the downstream separation performance led to the conclusion that the purification of xylose was significantly influenced by the complexity of the biomass liquors; especially the high ionic strength which led to a less negative zeta potential and thus decreased the electrostatic repulsion between gluconic acid and the surface of the membrane as compared to the model solution. Consequently, the resulting purity of xylose with respect to gluconic acid was 91% (vs. >99% for the model solution), whereas the purity of xylose with respect to all components was only 60%. In both cases, the yield of xylose was 30% (vs. 41% for the model solution).
(a) (b) Figure 2 . Observed retention (%) of gluconic acid (GA), xylose (Xyl), arabinose (Ara), formic acid (FA), acetic acid (Ac) and furfural (Fur) for wheat straw (WS), corn stover (CS) and Miscanthus stalks (MS). Retentions of phenols and HMF are not shown due to neglectable concentrations of HMF in the WS and CS liquors. Feed solutions were spiked with acetic acid to a total concentration of 100 mM. Filtration was performed with the NF270 membrane at 4 bar and 250 rpm. a) pH=4.1 for all biomass samples (no addition of NaOH); b) pH=9.7 for WS (corresponding to 122 mM NaOH), pH=4.6 for CS (corresponding to 33 mM NaOH), pH=8.9 for MS (corresponding to 113 mM NaOH). However, despite the lower performance of the enzyme-assisted membrane system on the real biomass liquors, the separation of xylose from gluconic acid was still improved compared to the benchmark separation of xylose from glucose. In fact, the separation factor of gluconic acid over xylose was 2.7, 2.5 and 2.2 for WS, CS and MS, respectively, whereas the xylose separation factor with respect to glucose was only 1.4 [3] . Generally, the WP loss obtained for the biomass liquors (~14% irrespective of biomass) was comparable with the WP loss obtained for the model solution, which indicated that despite the increasing complexity of the real biomass feedstocks, fouling was not a big limitation in the real system either. Similar conclusions were obtained by Weng et al. [38] when subjecting dilute acid rice straw hydrolysates to NF. The permeate flux obtained for the WS, CS and MS liquors was generally higher above the isoelectric point of the membrane (Figure 3 ), which was likely explained by the improved wettability of the membrane at high pH [39] . However, the flux achieved at pH 9.5 for the biomass liquors was still significantly lower than the flux obtained at pH 9.5 for the model solution (18.7 Lm -2 h -1 at 4 bar [3] ), which was ascribed to the higher viscosity and osmotic pressure of the real liquors [40] . 
Conclusions
The aim of the present study was to assess the performance of an enzyme-assisted membrane system (developed for pure model solutions of xylose and glucose) on genuine biorefinery liquors obtained from hydrothermal pretreatment of wheat straw, corn stover and Miscanthus stalks.
Despite the solute complexity of the real biomass liquors, fouling in the membrane (UF) bioreactor was neglectable and the biocatalytic productivity of the coupled enzyme system (glucose oxidase/catalase) was comparable to the model solution (24 mg gluconic acid/mg enzyme). On the other hand, the downstream purification of xylose was hampered by the elevated number of compounds in the biomass liquors, resulting in a higher ionic strength of the feed solution, which had direct impact on the zeta potential and hence the overall separation performance. Further downstream separation would depend on the desired purity and recovery of xylose. Moreover, a techno-economic analysis (which has not been done in this study) could probably reveal whether the price of xylose and other value-added products obtained by enzyme-assisted NF could adequately justify the implementation of new process steps, utilities, enzymes and chemicals presented in this work.
